A major component of physical therapy practice centers on the selection of the most appropriate therapeutic exercises. Core hip, trunk, and abdominal muscles function like guy wires surrounding the spine, which stabilize the spine. 21, 22 Muscle weakness of core hip, trunk, and abdominal muscles has been verified in patients with patellofemoral pain syndrome, 16, 28 iliotibial band syndrome, 13, 27 anterior cruciate ligament injuries, 14, 31 and ankle joint instability. 2, 24 Knowledge of the core hip, trunk, and abdominal muscles activated in specific exercises is paramount to achieving successful outcomes. Strengthening core hip, trunk, and abdominal muscles may also improve athletic performance. 3, 25, 29 Horizontal isometric side support, or side-bridge to neutral, can activate muscles of the posterior abdominal wall (quadratus lumborum and psoas major), abdomen (rectus abdominis, external oblique, internal oblique, and transversus abdominis), and back (lumbar erector spinae). An additional merit to the neutral side-bridge is the challenge to torso muscles without high lumbar compressive loading associated with back extension or trunk curls. 18, 19 Last, if the side-bridge exercise is biomechanically analyzed, there are 3 main forces acting on the body: gravity acting on the center of mass (COM) and the 2 ground reaction forces acting in the opposite direction at the points where the body contacts the floor. Together, these forces tend to cause the body to "sag" or "bow." It is the responsibility of the muscles on the ipsilateral weightbearing side to contract against the effects of gravity and body mass to maintain correct alignment. Understanding the activation of the core hip, trunk, and abdominal musculature in specific side-bridging exercises will be useful in clinical decision making regarding the prescription of therapeutic exercises.
Thus, the purpose of this study was to quantify muscle activation of the rectus abdominis (RA), external oblique (EO), lumbar multifidus (LM), longissimus thoracis (LT), and gluteus medius (GM) with surface electromyographic (EMG) analysis for 4 exercises, performed bilaterally, requiring the use of core abdominal, back, and hip musculature. Therefore, we hypothesized that the tested muscles would produce more activation when on the ipsilateral weightbearing side compared with the contralateral nonweightbearing side.
Methods

Subjects
All procedures were approved by an institutional review board. Subjects composed a sample of convenience and were recruited from the School of Health Sciences, Mayo Clinic College of Medicine, Rochester, Minnesota. To be included in the study subjects ranged in age from 20 to 39 years and reported no history of previous of spinal subluxation, dislocation, or fracture; shoulder tendinopathy, bursitis, impingement, or adhesive capsulitis; neurovascular complications; or any condition that limited physical activity for greater than 2 days over the past 6 months. Persons with acute low back pain (ALBP) were excluded from participating. Those with current complaints of neuromuscular pain, numbness, or tingling in the lower extremity and back were excluded. Prior to data collection, potential participants performed a series of 3 standing deep knee squats and demonstrated pain-free normal active range of motion of the lumbar spine, hip, knee, ankle, and foot. Subjects viewed a video that demonstrated the correct performance of each of the 4 side-bridging exercises. Thirty healthy subjects volunteered to participate; 5 subjects were excluded from participating because they were unable to correctly perform 1 or more of the side-bridge exercises with good form (Table 1) .
Instrumentation
Raw EMG signals were collected with BagnoliTM DE 3.1 double-differential EMG sensors (Delsys Inc).
Testing Procedure Electrode Placement
Using previously described techniques, 1,6,10,13 surface electrodes were positioned over the muscle belly of the following rightsided muscles: The electrodes were configured in parallel with the muscle fibers. A common ground electrode was placed on the skin overlying the medial malleolus of the right ankle.
To avoid cross-talk, the electrodes were placed 2 cm lateral to the T9 spinous process parallel to the muscle mass for the LT and 2 cm lateral to the lumbosacral junction for the LM. 7, 8 The interelectrode distance between these surface electrodes diminished the opportunity for cross-talk. 10 Manual Muscle Testing EMG activity collected during the side-bridge exercises was normalized to maximum voluntary isometric contraction (MVIC). 17, 26, 30 Using the break test, muscle test procedures were modeled 15 and modified so ankles were held when applicable (RA, EO, LT, and LM testing) for support. In addition, external resistance was applied by the investigator to ensure the effort given by subjects was maximal ( Figure 1 , Appendix 1, available online at sph.sagepub.com/supplemental).
Each subject performed 3 repetitions of 4 bilateral exercises ( Figure 2 , Appendix 1) in random order. A metronome set at 40 beats per minute was used to standardize the rate of movement of the hips across subjects. Successful performance of each side-bridge exercise was judged by 1 examiner, demonstrating a movement in sequence with the metronome while elevating the trunk in neutral spinal alignment. Failure resulted in exclusion from the study. Subjects were allowed a 2-minute rest between each exercise to avoid fatigue. EMG recruitment data were analyzed for 5 muscles during the 4 exercises performed bilaterally. The dependent variable was normalized peak EMG activity (%MVIC) for each of the muscles. To permit meaningful comparisons among study subjects, raw EMG data were normalized to the MVIC data of the muscle being analyzed. This yielded muscle activation as %MVIC. Peak activation for each muscle was calculated from the normalized data using a 200-ms window about the peak.
To assist with classification of low to high muscle activity of the core hip, trunk, and abdominal muscles during side-bridging exercises, we used a classification scheme. 9, 11 Activation from 0% to 20% MVIC was low level, 21% to 40% MVIC moderate level, 41% to 60% MVIC high level, and greater than 60% MVIC very high level.
Statistical Analysis
A sample size of 22 subjects was required to detect a mean difference in EMG recruitment of 10% MVIC (effect size, 0.20) between conditions with a statistical power (1 − β) equal to 0.80 at α = 0.05. 12 Descriptive data (means and standard deviations) were calculated from 5 right-sided muscles (RA, EO, LT, LM, and GM) during 4 bilateral exercises (trunk-elevated side support [TESS], foot-elevated side support [FESS] , clamshell, and rotational side-bridge [RSB]). Several of the distributions were skewed (Kolmogorov-Smirnov tests of normality at P < 0.05). For this reason, data were transformed with the base-10 logarithmic transformation prior to further analysis. Subsequently, the transformed EMG data were compared between right side up (contralateral nonweightbearing side) and right side down (ipsilateral weightbearing side) conditions and between exercises with 2-way repeated-measures analyses of variance at α = 0.05. Post hoc tests for statistically significant main effects were assessed using Bonferroni corrections for α. Statistically significant side × exercise interactions were interpreted with simple effects tests, also with Bonferroni corrections for α. All analyses were conducted using SPSS 21.0 statistical software (IBM Corp).
Results
For FESS and clamshell, muscle activation of core hip, trunk, and abdominal muscles on the ipsilateral weightbearing side was greater compared with the contralateral nonweightbearing side for each of the 5 muscles ( Table 2 ). The same was true in TESS and RSB except for LT and RA, respectively, which showed greater activation on the contralateral nonweightbearing side. Data for the RA, EO, LT, LM, and GM are summarized in Appendix 2 (available at http://sph.sagepub.com/content/ suppl).
discussion
Spinal deformation is resisted by a variety of trunk and abdominal muscles that function like guy wires or cables to provide stiffness or resistance to bending of the vertebral column. 21, 22 The motor control system ensures tensions in the torso muscles are balanced so the spine can be stabilized in a neutral position. [19] [20] [21] [22] [23] Stability of the vertebral column can be obtained in a neutral spine posture in most people with moderate activation levels of trunk and abdominal muscles. 4, 5, 22 Rehabilitation of low back disorders has emphasized muscle endurance as opposed to muscle strength. 20, 21, 23 No single trunk or abdominal muscle is the ideal stabilizer of the neutral spine in a neutral side-bridge position; instead, an aggregate of trunk and abdominal muscles work synchronously. 22 The side-bridge exercises used in the present study have merit because unlike trunk curls in supine and prone extension of the trunk and head, the lateral abdominals are challenged without generating large lumbar compression loads. 19 In the present study, during side-bridge to neutral (clamshell, TESS, and FESS), core hip, trunk, and abdominal muscles on the contralateral nonweightbearing side were much less active than their counterparts on the ipsilateral weightbearing side. Nevertheless, spinal stability was preserved by the internal torque from torso muscles required to support the neutral side-bridge position. 23 Awareness of which side-bridge exercise is most challenging for each abdominal and back muscle based on %MVIC lets the clinical practitioner select exercises that put appropriate demands on the muscle yet remain within the level of difficulty the patient can tolerate. RSB was different from TESS, FESS, and clamshell because the rolling in and out of side plank demanded additional torso muscle activation to control isometric bending and twisting torque applied to the vertebral column. 23 Because RSB created most recruitment in 3 of 4 torso muscles (RA, 43.9% MVIC; EO, 62.8% MVIC; and LT, 46% MVIC), this is the most strenuous side-bridge exercise condition. The clamshell exercise condition demonstrated the least muscle activation for each of 4 torso muscles studied, which indicates that clamshell was the easiest of the 4 side-bridge exercises to perform.
Limitations
Several limitations exist within this study. Results from this study cannot be generalized beyond the young, healthy, and active population. The same-day reliabilities of surface EMG recordings from the 5 muscles during the side-bridge to neutral position were not estimated. Nevertheless, using an intraclass correlation coefficient (ICC 3, 1 ), the same core hip, trunk, and abdominal muscles yielded the same day test-retest ICCs that ranged from 0.86 to 0.93. 10 During side-bridge exercises, we were unable to record EMG activity from 2 important core stabilizers, the quadratus lumborum (QL) and transversus abdominis (TA), because intramuscular fine wire electrodes were not inserted.
conclusion
When subjects performed side-bridging exercises, the RA, EO, LT, LM, and GM were recruited (%MVIC) more on the ipsilateral weightbearing side compared with their counterparts on the contralateral nonweightbearing side. 
